1. Introduction
===============

Contrast-induced acute kidney injury (CI-AKI) is a common complication of coronary angiography (CAG) or percutaneous coronary intervention (PCI), and is associated with increased mortality.^\[[@R1],[@R2]\]^ The development of CI-AKI may be associated with various inflammation-related factors, including endothelium dysfunction, oxidative stress, and renal vasoconstriction.^\[[@R3],[@R4]\]^ In addition, C-reactive protein (CRP) as a maker of systemic inflammation is associated with an increased risk of CI-AKI.^\[[@R5]\]^

Statins were reported to reduce the risk of CI-AKI by reducing oxidative stress and inflammation and improving endothelial function.^\[[@R6]\]^ The ARMYDA-CIN study demonstrated that the early use of high-dose atorvastatin (120 mg) reduced CRP levels and the risk of CI-AKI, compared with a placebo treatment.^\[[@R7]\]^ Similarly, Zhou et al^\[8\]^ have suggested that preprocedural high-dose atorvastatin (80 mg) is superior to low-dose atorvastatin (10 mg) in reducing the risk of CI-AKI among patients who are undergoing CAG or PCI. However, in a recent randomized trial of 615 cardiac patients, investigators found that high-dose perioperative atorvastatin treatment did not reduce the risk or severity of AKI, among patients naive to statins or patients already using a statin.^\[[@R9]\]^ Atorvastatin doses of 120 mg, 80 mg, and 10 mg are rarely administered in clinical practice, where usual-dose (20 mg) or double-dose (40 mg) are the most commonly used doses. However, the effects of common atorvastatin doses on the risk of CI-AKI are not well understood, especially in patients with high CRP levels.

Therefore, the current study compared the associations between inhospital short-term periprocedural double-dose and usual-dose atorvastatin and the risk of CI-AKI and patients' outcomes after CAG or PCI.

2. Methods
==========

2.1. Study design and patient population
----------------------------------------

This prospective observational study reviewed all consecutive patients who underwent CAG or PCI according to our institutional protocol between January 2010 and October 2012. As in a previous study^\[[@R10]\]^ and in the PRECOMIN study, we included patients who were ≥18 years old, agreed to stay in the hospital for 2 to 3 days after CAG, and received short-term periprocedural atorvastatin therapy (20 or 40 mg/d) from admission (1--3 days before the procedure) until discharge (2--3 days after the procedure). Based on the updated European Society of Urogenital Radiology Contrast Media Safety Committee guidelines,^\[[@R11]\]^ the exclusion criteria were pregnancy, lactation, intravascular administration of a contrast medium within the previous 7 days or 3 days postoperation (n = 83), no use of low-osmolarity contrast agents (n = 130), incomplete CRP determination and other statins used (not atorvastatin) or nonstatin treatment during hospitalization (n = 1954), cardiovascular surgery or endovascular repair (n = 382), end-stage renal disease or renal replacement (n = 7), missing preoperative or postoperative creatinine data (n = 61), malignancy (n = 3), no use of isotonic saline for hydration (n = 18), and use of drugs with potential effects on renal function (sodium bicarbonate, nonsteroid anti-inflammatory drugs, aminoglycosides, cyclosporin, and cisplatin) within 48 hours before and 72 hours after the procedure.

Based on these criteria, 1319 patients who were treated with periprocedural short-term atorvastatin were included in our analysis. The dose of atorvastatin of each patient was decided by clinicians according to the individual patients' clinical characteristics and clinical experience with bias. The patients were then divided into the double-dose group (n = 334, 40 mg/d) and the usual-dose group (n = 985, 20 mg/d). Follow-up events were carefully monitored and recorded by trained nurses through office visits and telephone interviews at 1, 6, 12, and 24 months after the CAG. The mean follow-up duration was 2.52 ± 0.85 years (median: 2.43 years, interquartile range: 1.84--3.24 years). The study\'s design has been approved by our institutional ethics review board, and all patients gave their written informed consent.

2.2. Study procedures
---------------------

The CAG was performed according to standard clinical practice, using standard guide catheters, guide wires, balloon catheters, and stents via the femoral or radial approaches. The PCI was performed immediately after diagnostic angiography when appropriate. Before and after CAG or PCI, all patients continued to take clopidogrel (75 mg/d for at least 12 months) and/or aspirin (100 mg/d indefinitely). The contrast dose was selected based on the interventional cardiologist\'s discretion, and all patients received nonionic low-osmolarity contrast agents (either Iopamiron or Ultravist, both 370 mg I/mL). All patients were treated based on the AHA/ACCF guidelines.^\[[@R12]\]^ According to our institutional protocol,^\[[@R10]\]^ serum creatinine concentrations were measured by Jaffe\'s method for all patients at hospital admission and on days 1, 2, and 3 after the CAG or PCI.

The creatinine clearance rate (CrCl) was calculated using the serum creatinine concentration and the Cockcroft-Gault formula^\[[@R13]\]^ and the V/CrCl ratio was also calculated. Patients received a continuous intravenous infusion of isotonic saline at a rate of 1 mL/kg/h (or 0.5 mL/kg/h in cases with a left ventricular ejection fraction \[LVEF\] of \< 40% or in cases severe congestive heart failure) for at least 2 to 12 hours before and 6 to 24 hours after the procedure. The CRP levels were measured via nephelometry (mg/L) using a Beckman Coulter IMMAGE immunobiochemistry system (Brea, CA).

2.3. Study endpoints
--------------------

The primary endpoint was CI-AKI, which was defined as an increase in serum creatinine of ≥50% or ≥0.3 mg/dL from baseline within 48 hours.^\[[@R14]\]^ The additional endpoints were CIN~25~ (contrast-induced nephropathy), which was defined as an increase in serum creatinine of ≥25% or ≥0.5 mg/dL from baseline within 72 hours^\[[@R15]\]^ and CIN~0.5~, which was defined as an increase in serum creatinine of ≥0.5 mg/dL from baseline within 72 hours.^\[[@R16]\]^ We also recorded the inhospital clinical outcomes, which included acute heart failure, recurrence of acute myocardial infarction, use of an intra-aortic balloon pump (IABP), arrhythmia, stroke, bleeding, and long-term major adverse clinical events (MACE). The MACE outcomes included mortality, nonfatal myocardial infarction, target vessel revascularization, CI-AKI requiring renal replacement therapy, stroke, and rehospitalization.

2.4. Statistical analyses
-------------------------

Normally distributed continuous variables (expressed as mean ± standard deviation) were compared using the *t* test. Nonnormally distributed continuous variables (expressed as median and interquartile range) were compared using the Wilcoxon rank-sum test. The Pearson *χ*^*2*^ or Fisher exact tests were used, as appropriate, for categorical data (expressed as percentages). Analyses of receiver operating characteristic (ROC) curves were performed to evaluate the ability of CRP levels to predict CI-AKI. The odds ratios (ORs) for CI-AKI in the CRP-tertile subgroups were calculated via unadjusted and adjusted stepwise logistic regression analyses; collinear variables were not retained in the final model. A univariable *P* = .1 was required to include a variable in the model, and a multivariable *P =* .05 was required for the variable to remain in the model. Univariable analyses of mortality were performed using the log-rank test, and the multivariable analyses used Cox regression. Our analyses only included cases with available data, and missing data were not imputed. All analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC), and a 2-tailed *P* \< .05 was considered statistically significant.

3. Results
==========

The patients' baseline characteristics are listed in Table [1](#T1){ref-type="table"}. Patients in the double-dose group were generally younger, had higher baseline levels of CRP and LDL-C and had a higher prevalence of anaemia (double- vs usual-dose; baseline CRP: 18.5 ± 29.7 mg/L vs 11.1 ± 21.8 mg/L, *P* \< .001). The use of angiotensin converting enzyme inhibitors and angiotensin receptor blockers was also significantly more frequent in the double-dose group (*P* = .018). However, there were no significant inter-group differences in their baseline CrCls or mean Mehran scores.

###### 

Baseline demographic and clinical characteristics.
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The angiographic and procedural characteristics are listed in Table [2](#T2){ref-type="table"}. The double-dose group exhibited a higher frequency of emergency PCI, a greater contrast volume and a longer procedural duration (emergency PCI: 24.9% vs 8.3%, *P* \< .001; contrast volume: 142.9 ± 58.9 mL vs 127.6 ± 68.8 mL, *P* \< .001; procedural duration: 77.96 ± 40.84 minutes vs 70.41 ± 46.09 minutes, *P* *=* .006).

###### 

Angiographic and procedural characteristics.
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3.1. Association of double-dose atorvastatin with CI-AKI and inhospital outcomes
--------------------------------------------------------------------------------

A total of 76 (5.8%) patients developed CI-AKI, including 26 (7.9%) patients in the double-dose group and 50 (5.1%) patients in the usual-dose group (*P* = .061). This produced a crude OR of 1.59 \[95% confidence interval (CI): 0.98--2.61, *P* = .063). Similar trends were observed in the CRP tertiles (*P* = .385, .885, and .411 for CRP \< 2.21 mg/mL, CRP 2.21--8.83 mg/mL, and CRP \> 8.83 mg/mL) and with different definitions (*P* = .131 and 0.121 for CIN~0.5~ and CIN~25~).There were no significant difference in inhospital events such as renal replacement therapy and mortality between the 2 groups (all *P* \> .05). (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}).

###### 

Inhospital clinical outcomes.
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###### 

Multivariate analysis of risk factors for contrast-induced acute kidney injury.
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The multivariable logistic regression analysis revealed that double-dose atorvastatin was not associated with a decreased risk of CI-AKI (adjusted OR: 1.46, 95% CI: 0.85--2.51, *P* = .171), even in patients with the middle CRP levels (adjusted OR: 1.45, 95% CI: 0.62--3.38, *P* = .394) (Table [4](#T4){ref-type="table"}). Similar findings were observed for the other definitions of CIN (CIN~25~ and CIN~0.5~). The independent risk factors for CI-AKI were the highest CRP tertile (adjusted OR: 4.46, 95% CI: 2.11--9.42, *P* \< .001), contrast volume and CrCl (Table [4](#T4){ref-type="table"}). In the subgroup analysis, double-dose atorvastatin was associated with an increased risk of CI-AKI in patients with a CrCl of \<60 mL/min (*P* = .046), anaemia (*P* = .009), a contrast volume of \>200 mL (*P* = .024), and \>2 stents implanted (*P* = .026) (Fig. [1](#F1){ref-type="fig"}).

![Logistic regression analyses of the double-dose versus usual-dose atorvastatin for predicting contrast-induced acute kidney injury in subgroups. ACEI/ARB = angiotensin converting enzyme inhibitors/angiotensin receptor blockers, CrCl = creatinine clearance, CRP = C-reactive protein, Dose = contrast volume, IABP = intra-aortic balloon pump, LDL-C = low-density lipoprotein cholesterol, LVEF = left ventricular ejection fraction, OR = odds ratio.](medi-96-e7501-g005){#F1}

3.2. Association of double-dose atorvastatin with long-term outcomes
--------------------------------------------------------------------

The median follow-up duration in this cohort was 2.43 years (interquartile range: 1.84--3.24 years). Kaplan-Meier curve analyses revealed that double-dose atorvastatin did not significantly reduce mortality (*P* = .271) or MACE (*P* = .383) (Fig. [2](#F2){ref-type="fig"}). Furthermore, after adjusting for CRP (as a categorical variable) and other confounders, multivariate Cox regression analysis revealed that double-dose atorvastatin was not significantly associated with a reduced risk of mortality \[hazard ratio (HR): 0.47, 95% CI: 0.10--2.18\] or MACE (HR: 1.03, 95% CI: 0.63--1.69) (Fig. [2](#F2){ref-type="fig"}). We also did not observe any significant reduction in mortality among patients with (*P* = .986) or without CI-AKI (*P* = .888), and in the different CRP tertiles (Fig. [3](#F3){ref-type="fig"}).Consistent results were observed in multivariate Cox regression for sub-analyses of the highest CRP tertile (Fig. [4](#F4){ref-type="fig"}).

![Kaplan-Meier curves for the cumulative probability of mortality (A) and MACE (B) in the double-dose and usual-dose groups.](medi-96-e7501-g006){#F2}

![Kaplan-Meier curves for the cumulative probability of mortality (A and C) and MACE (B and D) in the double-dose and usual-dose groups using the model with CI-AKI or CRP tertiles. CRP = C-reactive protein, HR = hazard ratio, MACE = major adverse clinical events.](medi-96-e7501-g007){#F3}

![Adjusted risk of mortality (A) and MACE (B) in the highest CRP tertile (\>8.33 mg/L) via Cox analysis of double-dose and usual-dose atorvastatin. CKD = chronic kidney disease, defined as creatinine clearance \< 60 mL/min, CRP = C-reactive protein, DM = diabetes mellitus, HR = hazard ratio, IABP = intraaortic balloon pump, LDL-C = low-density lipoprotein cholesterol, LVEF = left ventricular ejection fraction, MACE = major adverse clinical events, PCI = percutaneous coronary intervention.](medi-96-e7501-g008){#F4}

4. Discussion
=============

This study is the first to investigate the associations between common short-term periprocedural doses of atorvastatin (20 or 40 mg/d) and the risk of CI-AKI and patient outcomes after CAG or PCI. Our data suggest that the periprocedural double-dose might be not associated with a reduced risk of CI-AKI and mortality compared with usual-dose, even in patients with high CRP levels, which was an independent risk factor for CI-AKI.

Statin treatment presents an attractive therapy to reduce CI-AKI after CAG or PCI based on preclinical studies of statin mechanisms and studies of CAG. Statins may protect against the effects of contrast medium via decreased endothelin synthesis, the expression of endothelial adhesion molecules and reactive oxygen species production, mechanism implicated in CI-AKI development, and a weakened inflammatory response.^\[[@R17]--[@R20]\]^ In this context, CRP is a biomarker for inflammation, which is significantly associated with the risk of CI-AKI, partially because systemic inflammation increases the kidneys' vulnerability to the local inflammatory processes that are elicited by contrast medium reabsorption.^\[[@R21]--[@R23]\]^ Hoshi et al\'s^\[[@R24]\]^ Propensity score analysis and Morrow et al^\[[@R25]\]^ demonstrated that statin pretreatment was associated with a decrease in the risk of CI-AKI. Moreover, meta-analysis had also confirmed that periprocedural short-term atorvastatin treatment is likely effective in preventing CI-AKI.^\[[@R26]\]^

Double-dose atorvastatin may increase the risk of CI-AKI, even adjusting for those confounding factors. In a previous study, the patients in the double-dose group had a higher V/CrCl and more frequent emergent PCI, which may have led to the increased risk of CI-AKI.^\[[@R27],[@R28]\]^ Thereby, the occurrence of CI-AKI is associated with incremental cardiovascular events at patients with CKD undergoing emergent PCI.^\[[@R29]\]^ Furthermore, a larger contrast volume was used for the more complicated and longer procedures that were performed among the patients who received double-dose atorvastatin, which also likely increased the risk of CI-AKI.

The common, although minor, difference in the dose of atorvastatin during our treatment without a preprocedural loading dose likely contributed to our finding that double-dose atorvastatin was not more effective in preventing CI-AKI, compared with usual-dose atorvastatin. For example, Patti et al^\[[@R7]\]^ have compared intensive atorvastatin treatment with a loading dose (80 mg/d plus a 40 mg) with a placebo treatment. In that context, a high loading dose of atorvastatin before contrast exposure can reduce the rate of CI-AKI^\[[@R8],[@R30]\]^ and similar results have been reported in studies that used control groups with placebo or no statin treatment.^\[[@R7],[@R30]--[@R33]\]^ However, a high daily dose of atorvastatin does not decrease the incidence of CI-AKI (80 vs10 mg/d)^\[[@R34],[@R35]\]^ and in a recent randomized trial, Frederic et al^\[[@R9]\]^ found that high-dose preioperative atorvastatin treatment did not reduce the risk of AKI, which is similar to our findings in the current study (albeit with a smaller difference between the atorvastatin doses). Similarly, no significant differences in clinical benefit have been observed for atorvastatin treatments of 10 mg, 20 mg, and 40 mg.^\[[@R36]\]^ The association between preoperative statin use and postoperative CI-AKI is inconsistent, possibly because of selection bias for statin use, variable effects of treatment, and disparate patient populations. Because Asian ancestry may affect the intensity of statins' effects, double-dose atorvastatin (40 mg/d) was the most commonly used high-dose treatment at our institution.

Hydration is the gold-standard prophylactic measure for preventing CI-AKI. However, there is no standardized protocol for oral or intravenous periprocedural hydration, and so, we could not evaluate the preventative effect of oral hydration. Nevertheless, oral hydration may be as effective as intravenous rehydration for preventing CI-AKI.^\[[@R37],[@R38]\]^ Thus, it is possible that the different hydration volumes between the 2 dose groups might have influenced the observed benefit of double-dose atorvastatin.

4.1. Limitations of the study
-----------------------------

The current study has several limitations. First, this prospective observational study did not use randomization, and was conducted at a single centre. Second, the CrCl was calculated using the Cockcroft-Gault formula, rather than via direct measurement. Third, variations in the measurement times may have caused us to miss postprocedure peak creatinine levels. Furthermore, approximately half of the patients were discharged at 2 days after CAG, and so, their serum creatinine concentrations could not be measured on day 2. Thus, this variation and lack of data may have led to an underestimation of the true CI-AKI incidence in the study population. Fourth, we were unable to obtain CRP data during the follow up. Fifth, the time from statin loading to contrast exposure varied in different patients. Lastly, there is no standardized protocol for oral or intravenous periprocedural hydration.

5. Conclusions
==============

Our observational data suggest that daily periprocedural double-dose atorvastatin (the commonly used dose in clinical practice) was not associated with a reduced risk of CI-AKI, even in patients with high CRP levels, which was an independent risk factor for CI-AKI. However, daily periprocedural double-dose atorvastatin was associated with an increased risk of CI-AKI in patients with risk factors such as a CrCl of \<60 mL/min and a contrast volume of \>200 mL. In addition, double-dose atorvastatin did not improve the long-term prognosis. Nevertheless, well-designed and adequately-powered randomized controlled trials are needed to confirm these conclusions.

Abbreviations: CAG = coronary angiography, CI = confidence interval, CI-AKI = contrast-induced acute kidney injury, CIN = contrast-induced nephropathy, CrCl = creatinine clearance, CRP = C-reactive protein, HR = hazard ratio, IABP = intra-aortic balloon pump, LVEF = left ventricular ejection fraction, MACE = major adverse clinical events, OR = odds ratio, PCI = percutaneous coronary intervention, ROC = receiver operating characteristic.
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